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Bright and sensitive red voltage indicators for imaging
action potentials in brain slices and pancreatic islets
Yi Han1†, Junqi Yang2*†, Yuan Li3,4†, Yu Chen1,3†, Huixia Ren3,5, Ran Ding6, Weiran Qian7,
Keyuan Ren1, Beichen Xie3, Mengying Deng8, Yinghan Xiao8, Jun Chu8, Peng Zou1,2,3,4*

Genetically encoded voltage indicators (GEVIs) allow the direct visualization of cellular membrane potential at
the millisecond time scale. Among these, red-emitting GEVIs have been reported to support multichannel re-
cordings and manipulation of cellular activities with reduced autofluorescence background. However, the
limited sensitivity and dimness of existing red GEVIs have restricted their applications in neuroscience. Here,
we report a pair of red-shifted opsin-based GEVIs, Cepheid1b and Cepheid1s, with improved dynamic range,
brightness, and photostability. The improved dynamic range is achieved by a rational design to raise the electro-
chromic Förster resonance energy transfer efficiency, and the higher brightness and photostability are ap-
proached with separately engineered red fluorescent proteins. With Cepheid1 indicators, we recorded
complex firings and subthreshold activities of neurons on acute brain slices and observed heterogeneity in
the voltage‑calcium coupling on pancreatic islets. Overall, Cepheid1 indicators provide a strong tool to inves-
tigate excitable cells in various sophisticated biological systems.
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INTRODUCTION
Fluorescent indicators are powerful tools for spatiotemporally re-
solved mapping of cellular activities. Genetically encoded voltage
indicators (GEVIs) allow noninvasive readout of membrane poten-
tial changes of large neuronal ensembles at the single-neuron level,
thus enabling millisecond–time scale recording of neuronal activi-
ties, including subthreshold potentials (1). A common challenge as-
sociated with voltage imaging is its high noise level due to limited
photon counts, which arises from a combination of the high acqui-
sition frame rate (typically at 0.5 to 2 kHz) and the low copy number
of the membrane-embedded sensor protein (1). This high level of
imaging noise has a substantial impact on the signal-to-noise
ratio (SNR), particularly for voltage imaging in vivo, which is
further complicated with the presence of tissue autofluorescence
and light scattering (2). For this reason, GEVIs with red-shifted
emission spectra are highly sought after, since they avoid much of
the autofluorescence window and suffer less from scattering. More-
over, a brighter fluorophore could increase the baseline fluorescence
signal, which, in turn, promotes the SNR.

Existing red GEVIs are limited by speed, sensitivity, or bright-
ness. For example, voltage-sensing domain–based GEVIs exhibit re-
sponse time constants exceeding 5 ms (3, 4); FlicRs (5, 6) have fast
kinetics but small dynamic range and dim fluorescence, which
limited their performance in tissue. In comparison, rhodopsin-
based GEVIs [e.g., QuasArs (7–9) and Archons (10, 11)] feature
submillisecond kinetics and high dynamic range [20 to 50% ΔF/
F0 per action potential (AP)]; yet, they suffer from low brightness
due to their limited fluorescence quantum yield (typically <4%)
(10). To improve the molecular brightness, we C-terminally fuse a
red fluorescent protein (RFP) donor to a voltage-sensing rhodopsin,
which serves as an electrochromic Förster resonance energy transfer
(eFRET) quencher. The resulting eFRET GEVIs, including
QuasAr2-mRuby2 (12) and voltage-activated red neuronal activity
monitors (VARNAMs) (6, 13), exhibit substantially improved
brightness while maintaining fast response kinetics and have
shown great potential in the in vivo applications despite currently
limited in one-photon imaging (14). However, their voltage sensi-
tivities are limited to ~20% ΔF/F0 per 100 mV (6, 12, 13) owing to
low FRET efficiencies (15, 16).
Here, we report a pair of red eFRET GEVIs, Cepheid1b and Ce-

pheid1s, with improved voltage response, brightness, and photo-
stability, which enable voltage imaging in mouse brain slices with
laser power lower than 2 W/cm2. Both Cepheid indicators
support multiplexed imaging with green fluorescent indicators for
calcium [GCaMP6s (17)] or glutamate [iGluSnFR (18)]. They are
also capable of pairing with CheRiff (7), a spectrally orthogonal
blue-shifted optogenetic actuator, to achieve all-optical electrophys-
iology measurement of neuronal excitability. We further demon-
strate that Cepheid indicators report APs and subthreshold
potentials ex vivo and in vivo. On acute brain slices, Cepheid1b si-
multaneously record burst firing and subthreshold depolarization
activities in dozens of neurons. On pancreatic islet tissue, we non-
invasively observed glucose-stimulated correlations between electri-
cal spiking and calcium oscillations in multiple cells simultaneously
by dual-color imaging using Cepheid1b and GCaMP6f.
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RESULTS
AlphaFold2-aided design of GEVI scaffolds
We have shown previously that the voltage responsiveness of eFRET
GEVIs depends critically on the baseline FRET efficiency (EFRET)
between the fluorescent donor and the retinal acceptor (16, 19).
For engineering red eFRET GEVIs, we sought to maximize the
EFRET through a combination of approaches. First, we chose the
red-shifting Asp81Cys mutation of Ace rhodopsin (AceD81C) as
the voltage-sensing module to maximize its spectral overlap with
RFP emission (16). Second, we applied AlphaFold2 (20) computa-
tional structural modeling to guide our optimization of the donor-
acceptor distance R and the orientation factor κ2, which are quan-
titatively linked to EFRET as described in Eq. 1

E ¼
1

1þ R6=Cκ2
ð1Þ

Whereas previous eFRETGEVI designs have focused exclusively
on the C-terminal fusion of fluorescent protein donors, AlphaFold2
(20) predicts a 4- to 12-Å shorter donor-acceptor distance and sub-
stantially higher κ2 when the RFP donor is inserted into the first
extracellular loop (ECL1) of the Ace rhodopsin (Fig. 1A, fig. S1,
and table S1). Alternatively, insertion into the third intracellular
loop (ICL3) is also predicted to improve the overall EFRET.
However, with limitations of AlphaFold2 including the inability
of predicting non–amino acid fluorophores and the lack of
dynamic simulation, the above computational predictions require
subsequent experimental evaluations.
Our list of RFP candidates include mRuby3 (21), mRuby4 (22),

mScarlet (23), and mScarlet-I1.4, which is an engineered variant of
mScarlet-I featuring better folding (fig. S2) and higher brightness
(fig. S3 and table S2). To improve the membrane trafficking, we

C-terminally fuse a combination of triple-tandem transport signal
and endoplasmic reticulum-exiting (ER2) sequences (24) to the
rhodopsin (Fig. 1A). All ICL3 insertions fail to properly traffic to
the cytoplasmic membrane and were discarded for further analysis
(fig. S4). For ECL1 insertions, all RFP-Ace insertions exhibited
good expression and membrane trafficking in human embryonic
kidney (HEK) 293T cells except for mScarlet, which has poor mem-
brane trafficking (fig. S4). While mScarlet-I1.4 insertion showed the
brightest fluorescence (fig. S5), mRuby4 insertion exhibited superi-
or photostability, with half-photobleach time more than 13 min
when illuminated with 561-nm laser at 1.6 W/cm2 (fig. S6). More-
over, a preliminary characterization in cultured HEK293T cells re-
vealed high voltage–dependent response and millisecond-level
kinetics in both GEVI (fig. S7). We therefore named mScarlet-
I1.4 and mRuby4 insertions as Cepheid1b (for brighter fluores-
cence) and Cepheid1s (for better photostability), respectively.

Characterization of Cepheid indicators in cultured cells
We then applied whole-cell voltage clamping in HEK293T cells to
characterize the response kinetics and the dynamic ranges of
Cepheid1 indicators. The voltage responsiveness of Cepheid1b
and Cepheid1s compares favorably against several recently pub-
lished red GEVIs, including VARNAM (6), VARNAM2 (13), and
Ace2N-7aa-mScarlet (25), which are constructed by fusing
mRuby3 and mScarlet to the C terminus of Ace rhodopsin
mutants. When the membrane potential is altered stepwise from
−70 to +40 mV, the whole-cell fluorescence of VARNAM,
VARNAM2, and Ace2N-7aa-mScarlet change by −17.9 ± 0.6% (n
= 6 cells), −26.7 ± 1.7% (n = 7 cells), and −16.0 ± 1.0% (n = 6 cells)
ΔF/F0, respectively (Fig. 1B and fig. S8). In comparison, Cepheid1b
(−32.9 ± 1.0%, n = 6 cells) and Cepheid1s (−33.6 ± 1.5%, n = 8 cells)
are nearly twofold as sensitive as VARNAM and Ace2N-7aa-

Fig. 1. Design and characterization of Cepheid1 indicators in cultured cells. (A) Diagram showing the red fluorescent protein (RFP) insertion site (top) and the
predicted structure of Cepheid1s. (B) Normalized fluorescence-voltage response curves of red genetically encoded voltage indicators (GEVIs). GEVIs names are listed
in descending order of measured voltage sensitivities. (C) Voltage sensitivities of red GEVIs for recording action potentials (APs) in cultured neurons. *P < 0.05, two-
sample t test. (D) Optical waveforms of Cepheids and VARNAM2 to APs. Region of interest that yielded the trace is marked by yellow circles. Scale bars, 20 μm.
VARNAM, voltage-activated red neuronal activity monitors.
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mScarlet and significantly higher than VARNAM2 (−26.7 ± 1.7%, n
= 6 cells) with both P values less than 0.05. When applied with hy-
perpolarization from −70 to −100 mV, the fluorescence response of
Cepheid1b (10.4 ± 0.6%) and Cepheid1s (11.6 ± 0.6%) are about
onefold higher than VARNAM (4.0 ± 0.2%) and VARNAM2 (5.3
± 0.5%). Notably, fusing mScarlet-I1.4 to the C terminus of
AceC81 reduces the voltage-dependent response by more than
twofold, which supports the AlphaFold2 computational modeling
prediction (Fig. 1B).
We applied Cepheid1 indicators to image APs in cultured rat

hippocampal neurons. Both indicators exhibited good expression
and membrane localization in the soma and neurites (Fig. 1D).
The sensitivity of Cepheid1b (−12.1 ± 0.8%) and Cepheid1s
(−13.3 ± 0.7%) toward APs (ΔF/F0) are more than 34% higher
than VARNAM2 (9.0 ± 1.2%) (Fig. 1C). To improve the imaging
quality in brain tissue by reducing dendritic fluorescence, we
fused Cepheid1 indicators with a 63–amino acid somatic targeting
(ST) domain from the voltage-gated potassium channel Kv2.1,
which restricts their expression to the soma and proximal dendrites
(Fig. 2A and fig. S9) (26). The resulting soma-targeted Cepheid1b-
ST exhibit approximately 40% improved SNR (39.2 ± 5.9) (Fig. 1C),
which is substantially higher than that of VARNAM2-ST (23.2 ±
3.2), the soma-targeted variant of VARNAM2.

Multiplexed recording and manipulation of neuronal
activity
The red-shifted spectra of Cepheid1 indicators allow the combina-
tion with the photosensitive cation channel CheRiff (7) for all-
optical electrophysiology. Patch clamp tests revealed minimal pho-
tocurrent of Cepheid1b and Cepheid1s under various illumination
conditions (fig. S10), with one exception that when coilluminated
with 405 and 561 nm, both GEVIs produce a depolarizing current
of ~20 pA. It has been reported that CheRiff can be partially excited
by 561-nm illumination at an intensity of 1.5 W/cm2 (6), eliciting a
photocurrent of approximately 30 pA. Therefore, in neurons coex-
pressing Cepheid1b and CheRiff via a self-cleaving 2A peptide, we
tested the photocurrent and depolarization caused by 561-nm
cross-talk (fig. S11). Under 561-nm illumination at imaging level,
we observed a substantially lower photocurrent of ~10 pA and a de-
polarization of ~2.5 mV. The lower photocurrent may be attributed
to the lower expression of CheRiff when coexpressed with Ce-
pheid1b via 2A peptide linkage (27). A leakage at this low level is
insufficient to trigger unwanted firing or opening of ion channels
and is therefore compatible to all-optically recording neuronal
activities.
In cultured rat hippocampal neurons coexpressing CheRiff and

Cepheid1b/s-ST, we applied 405-nm laser to stimulate AP firing
while simultaneously imaging membrane voltage (Fig. 2A). Under
various stimulation patterns, Cepheid1b-ST faithfully recorded
tonic APs and burst firing (Fig. 2B). We tested the refractory
period of neuronal firing with 10 s of ramped increasing optoge-
netic stimulation strength. The firing rate during the trial can be
overlapped with optogenetic stimulation dosage, while the
maximum firing rate is shown as a platform (fig. S12). We then con-
ducted long-term imaging with the photostable Cepheid1s-ST. We
found that a fewminutes of recovery after continuous recording can
notably restore the fluorescence level and reduce phototoxicity.
Using this method, Cepheid1s-ST can faithfully report optogeneti-
cally induced APs for more than 15 min accumulatively (fig. S13).

In some cases, 405-nm light directly causes observable artifact on
Cepheid fluorescence level (fig. S11), which explains the fluctua-
tions of the baseline in the ramp experiment (figs. S12 and S13).
We further paired Cepheid1b/s-ST with green-emitting indica-

tors to simultaneously record membrane potential with other neu-
ronal signals such as cytoplasmic calcium and extracellular
glutamate. We coexpressed Cepheid1b/s-ST with GCaMP6s (17)
in primary rat hippocampal neurons (Fig. 2C and fig. S14). The
high photostability of Cepheid1s-ST allowed continuous imaging
of time-correlated voltage and calcium spikes for 5 min (Fig. 2D).
We also applied Cepheid1b-ST and SF-iGluSnFR (28) to record
voltage-induced glutamate release (Fig. 2, E and F, and fig. S15).
In addition, the high brightness of Cepheid1b and its spectral or-
thogonality with GCaMP6f have enabled us to sensitively record
membrane potential and cytoplasmic calcium in cultured mouse
pancreatic islet cells, which unveils time-correlated spontaneous
calcium waves and AP spikes that are reminiscent to neuronal activ-
ities (Fig. 2, G and H).

Simultaneous recording of multiple neurons on acute
brain slices
We performed voltage imaging in acute mouse brain slices to assess
the ex vivo performance of Cepheid1.We introduced Cepheid1b-ST
intomouse brain via adeno-associated virus (AAV) infection, which
showed good expression and membrane trafficking across multiple
brain regions, including cortex, hippocampus, and cerebellum
(Fig. 3A). In acute brain slices, the high sensitivity of Cepheid1b-
ST (ΔF/F0 = −9.9 ± 0.3% per AP; Fig. 3B) has allowed faithful
report of APs in single trial measurements at the frame rate of
498 Hz. Cepheid1b-ST also resolved current-induced subthreshold
and burst APs at 14 Hz with a sensitivity of ~−10% ΔF/F0 (Fig. 3C).
To simultaneously resolve the electrophysiology across a large

neuronal population, we expressed Cepheid1b-ST in the whole
brain through delivery with AAV-PHP.eB vector that can cross
the blood-brain barrier. In the thalamus, Cepheid1b-ST enables
the simultaneous recording of spontaneous neuronal AP dynamics
in 23 cells across a large field of view measuring 504 μm by 504 μm
(Fig. 3D). The expression of Cepheid1b-ST throughout the brain
facilitates the collection of signals from multiple brain areas, such
as thalamus (Fig. 3D), habenula (fig. S16), and hippocampus (fig.
S17) in a single trail. The resting state and excitability of neurons
both were captured, and the neuronal spikings including tonic
and burst APs were obtained with an SNR of ~10.

Imaging of electric‑calcium coupling in pancreatic islets
In mammalian pancreatic islets, elevated glucose concentration ini-
tiates electrical activities in β cells via the concerted actions of Glut2
transporter, KATP channels and voltage-gated Ca2+ channels (29).
The opening of voltage-gated Ca2+ channels underlies the basis
for AP firing, increasing intracellular calcium levels to trigger the
exocytosis of insulin granules (30). Notably, glucose-induced oscil-
lations of intracellular Ca2+ concentration have been observed in
mammalian pancreatic islets (31–34), and patch clamp has been
used to study the relationship between membrane potential and
[Ca2+]i (35). However, simultaneous noninvasive recording of
membrane potential and [Ca2+]i in multiple cells has remained
challenging. Furthermore, while electrical coupling between β
cells in mammalian islets (36) and oscillatory membrane potential
in individual pancreatic β cells (37) has been measured using patch
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clamp, the spatial patterns of these coupling and oscillation have not
been recorded because of the lack of high-throughput detection
methods. Moreover, since patch clamp can only access cells on
the islet surface, which are mainly β cells (38), cells deeper in the
islet have eluded from the previous analysis.
The high brightness of Cepheid1b and its spectral orthogonality

with GCaMP6f enables simultaneous recording of membrane po-
tential and cytoplasmic calcium with higher throughput and
better access to cells deeper in the islet. We thus infected
GCaMP6f+/+ mice with adenovirus encoding Cepheid1b and per-
formed dual-color imaging in isolated pancreatic islets. Upon
switching from low (3 mM) to high (10 mM) levels of extracellular
glucose, we observed highly heterogeneous patterns of electrical ac-
tivities in individual islet cells, whereas their calcium signal in-
creased gradually and synchronously over the time course of
minutes (Fig. 4A). The electrical activities in individual cells

appear uncorrelated with the calcium signal. Following 30 to 60
min of incubation in high-glucose medium, three types of
calcium oscillations emerged: fast (~20-s cycle), slow (>100-s
cycle), and mixed (20- to 300-s cycle), which were consistent with
the previous observations (31–34). The electrical activities of islet
cells are spontaneously tuned to be highly synchronized and
time-correlated with all three types of calcium oscillations (Fig. 4,
B to D). In addition, in a few cases of very fast calcium oscillations
(1- to 2-s cycle), electrical activity appeared highly heterogeneous,
indicating relatively weak electrical coupling in this type of calcium
oscillations (Fig. 4E). Together, the above data demonstrate the
power of simultaneously recording electrical and calcium activities
in multiple cells in pancreatic islets.

Fig. 2. Multiplexed imaging of Cepheid1b/s with optogenetic tools and blue-shifted biosensors. (A and B) Epifluorescence image (A) and whole-cell fluorescence
response (B) of cultured neuron expressing Cepheid1b-ST-P2A-CheRiff, when optogenetically triggered with 405-nm laser. (C and D) Epifluorescence images (C) and
whole-cell fluorescence traces (D) of cultured rat hippocampal neuron expressing GCaMP6s-NES (top) and Cepheid1s-ST (bottom), with zoom-in view of the boxed region
shown on the right. (E and F) Epifluorescence images (E) and whole-cell fluorescence traces (F) of cultured rat hippocampal neuron expressing SF-iGluSnFr (top) and
Cepheid1b-ST (bottom), with zoom-in view of the boxed region shown at the bottom. (G and H) Epifluorescence images (G) and whole-cell fluorescence traces (H) of
mouse pancreatic islet cells expressing GCaMP6f (cyan) and Cepheid1b (red). Scale bars, 20 μm.
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Fig. 3. Voltage imagingwith Cepheid1b indicators in acute brain slice. (A) Confocal images of fixed slices showing expression and localization of Cepheid1b-ST. Scale
bars, 50 μm. (B) Fluorescence image (top) and mean electrical (black) and optical (red) waveforms of stimulated action potentials (APs) recorded from a hippocampal
neuron expressing Cepheid1b-ST in acute brain slice. Gray and red lines indicate individual and mean optical traces, respectively (n = 48 spikes). Scale bar, 10 μm. (C)
Fluorescence response (red) of Cepheid1b-ST to single-trial burst firing (black) in acute brain slice, with zoom-in view of the boxed region shown at the bottom. (D)
Representative epifluorescence image of mouse brain slice expressing Cepheid1b-ST in the thalamus (scale bar, 20 μm) (left) and signal-to-noise ratio (SNR) traces in-
dicating spontaneous activity from the labeled cells (right).
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Fig. 4. Voltage imaging with Cepheid1b indicators in pancreatic islets ex vivo. (A to E) Representative dual-color imaging of calcium (mean, cyan; individual, gray)
and voltage (red) in isolated islets at 200-Hz frame rate. At the onset of imaging, extracellular glucose is switched from 3 to 10 mM (A). Following 30 to 60 min of incu-
bation at 10 mM glucose, both mixed (B), slow (C), and fast (D) calcium oscillations are observed together with time-correlated electrical spikes, while weaker electrical
coupling is observed with very fast (E) calcium oscillation (zoom-in view of framed region is shown at the top). Scale bars, 20 μm.
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DISCUSSION
To summarize, we have reported a pair of red GEVIs with improved
voltage dynamic range of 33% −ΔF/F0 per 110 mV, which is the
highest among red GEVIs reported to date. The high dynamic
range of Cepheid1 allows sensitive detection of APs at 500-Hz
frame rate in both cultured neurons (ΔF/F0 = −12%) and brain
slices (ΔF/F0 = −10%) under mild illumination with 561-nm laser
lower than 2 W/cm2. While Cepheid1b is useful for detecting both
subthreshold and APs as a brighter indicator, Cepheid1s enables
long-term imaging due to its high photostability. Both GEVIs
support multiplexed imaging with green fluorescent indicators
and all-optical electrophysiology. Currently, applications of
Cepheid indicators are likely restricted to one-photon imaging
regime, a limitation shared by all opsin-based GEVIs developed
to date. However, we demonstrated that Cepheid1b faithfully
reports spike firing in acute mouse brain slices and pancreatic
islets, showing its capability for tissue imaging and potential in
vivo applications.
Unlike previous engineering efforts that focused exclusively on

C-terminal RFP fusions, we achieved higher-voltage responsiveness
through insertion into ECL1. This design leveraged the predictive
power of computational modeling of chimeric protein structures.
In recent years, artificial intelligence models such as AlphaFold or
Rosetta are beginning to show their usefulness in understanding
protein function and assisting protein design (20, 39, 40). In this
work, we also harnessed the power of AlphaFold2 in predicting
unknown protein structure and thus estimating the performance
of our voltage indicators. However, despite the intuition and inspi-
ration we acquired with AlphaFold2, some of the intrinsic proper-
ties of the model limited the reliability of the predictions. First,
AlphaFold2 can only take amino acid sequence as the input, and
non–amino acid molecules such as fluorophores can only be
aligned onto the predicted tertiary structure using crystallography
data, which undoubtedly lowered the accuracy (20). Second, the sta-
tionary output also created a bias on the assessment of FRET effi-
ciency, which, in the real case, is determined by a dynamic
ensemble. Therefore, future improvement would likely involve
combining structural prediction models with molecular dynamic
simulations.
We envision that the sensitivity of Cepheid1 indicators could be

further optimized through directed evolution. On the one hand, the
mutation we introduced to Ace rhodopsin domain is directly inher-
ited from a previous work where a short peptide is inserted into the
ECL1 region (16). This mutation might not be optimal for our scaf-
fold, and we expect a further improved sensitivity in the future
library screening; meanwhile, with several published work with
plenty of mutation library data of Ace rhodopsin, engineering pos-
itive-responding GEVI is also a promising direction (13, 41). On the
other hand, a next-step engineering onmScarlet-I1.4 is also vital for
a better performance. We inserted the original mScarlet-I1.4
without circular permutation, which might have caused a compro-
mise in fluorescence intensity compared with C-terminal fusion. To
improve this, we propose an optimization in the RFP insertion site,
flanking linker sequence, and circular permutation of mScarlet-I1.4.
Cepheid indicators have enabled the visualization of electrical

coupling in multiple pancreatic islet cells, revealing synchronized
oscillatory cellular membrane potentials that are time-correlated
with slow and fast calcium oscillations. The synchronization in

membrane potential is substantially weaker either in the absence
of calcium oscillation or at very fast calcium oscillation. Future in-
vestigation into the underlying mechanism of calcium-sensitive
electrical coupling could benefit from voltage imaging-guided
single-cell sequencing to analyze the heterogeneous response
among islet cells. Furthermore, the genetically encoded property
of Cepheid indicators allows for the labeling of specific types of pan-
creatic islet cells, providing a possible way to solve the debate about
whether glucose depolarize or hyperpolarize islet α cells (42).

MATERIALS AND METHODS
Materials and reagents
The reagents used in this study are summarized in table S3. All
animal procedures were approved by the Animal Center of Peking
University, and the experiments were carried out in accordance
with the guidelines of Institutional Animal Care and Use Commit-
tee of Peking University.

Molecular cloning
Plasmids used in this study were generated by Gibson Assembly li-
gating polymerase chain reaction amplified inserted DNA fragment
and linearized vector with 25–base pair overlap. The primers for po-
lymerase chain reaction are summarized in table S4. DNA frag-
ments and linearized vector were mixed with Gibson Assembly
enzyme (Lightening Cloning Kit). The sequences of plasmids
were verified through Sanger sequencing.

Computational modeling of FRET efficiency
The structures of Cepheid1b and Cepheid1s are predicted with Al-
phaFold2. Non–amino acid chromophores are manually added via
structural alignment of the predicted structures against the crystal-
lography data of separate protein domains: Acetabularia rhodopsin
II [Protein Data Bank (PDB) ID: 3AM6], mScarlet (PDB ID: 5LK4),
and mRuby (PDB ID: 3U0L) as proxies of mScarlet-I1.4 and
mRuby4, respectively. The coordinates of fluorophores are used
for calculating the distance R (defined as the distance between the
centers of mass of donor and acceptor) and the orientation factor κ2,
which is defined as κ2 = [(D ·A) – 3(D ·R)(A ·R)]2, whereR,D, and
A are vectors connecting the centers of mass of donor and acceptor,
normalized longitudinal axis of donor and acceptor, respectively.

Expression of Cepheid1 in cultured cells
HEK293T cells were seeded in a 24-well plate and incubated in Dul-
becco’s modified Eagle medium (Gibco) containing 10% (v/v) fetal
bovine serum (Gibco) at 37°C with 5% CO2. Cells were transfected
with Lipofectamine 3000 reagent following the manufacturer’s in-
structions. Primary rat hippocampal neurons were digested from
dissected rat brain at postnatal day 0 and plated onto sterile 14-
mm glass coverslips precoated with poly-D-lysine (20 μg/ml) and
laminin (10 μg/ml). Neurons were incubated at 37°C with 5%
CO2 and were transfected on DIV7 (7 days in vitro) to DIV9 with
Lipofectamine 3000 following the manufacturer ’s instructions.
Transfected neurons were imaged after 3 to 7 days.

Imaging apparatus
Fluorescence microscopy in cultured cells and pancreatic islets was
performed on an inverted microscope (Nikon-TiE) equipped with a
40×, numerical aperture (NA) of 1.3 oil immersion objective lens,
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three laser lines (Coherent OBIS; 405, 488, and 561 nm), a spinning
disk confocal unit (Yokogawa CSU-X1) and two scientific comple-
mentary metal-oxide semiconductor cameras (Hamamatsu ORCA-
Flash 4.0 v2). A dual-view device (Photometrics DV2) was used to
split the emission into green/red fluorescence channels. Fluores-
cence imaging experiments in acute slices were performed on an
upright microscope (Olympus BX51WI) equipped with a 40×,
NA 0.8 water immersion objective lens, a 561-nm laser line (Coher-
ent OBIS) and a scientific complementary metal-oxide semicon-
ductor camera (Hamamatsu ORCA-Flash 4.0 v2). The spectra
properties of the filters and dichroic mirrors for various fluorescent
indicators used in this study are summarized in table S5.

Fluorescence voltage imaging in HEK293T cells and
cultured neurons
Tomeasure the dynamic range and kinetics of the voltage indicators
in HEK293T cells, the membrane potential was controlled via
whole-cell patch clamp (Axopatch 200B, Axon Instruments). Fluo-
rescence imaging was performed at the frame rate of 1058 Hz. To
measure the response of indicators to APs, neurons were current-
clamped and injected with 200 to 500 pA of current for 5 to 10
ms to stimulate AP firing. Fluorescence imaging was performed at
the frame rate of 484 Hz. For simultaneous imaging of membrane
voltage and calcium, Cepheid1 and GCaMP6s–nuclear export
signal (NES) were cotransfected into neurons at DIV8. On DIV14
to DIV18, neurons were illuminated with 488-nm (2.4 W/cm2) and
561-nm (1.6 W/cm2) lasers and imaged with a dual-view device at a
frame rate of 500 Hz. For simultaneous imaging of membrane
voltage and glutamate, Cepheid1 and iGluSnFR were cotransfected
into neurons on DIV8 and imaged on DIV14 to DIV19 in dual-view
mode (2.4 W/cm2 of 488-nm laser and 1.6 W/cm2 of 561-nm laser)
at a frame rate of 500 Hz.

Electrophysiology for cultured cells
Borosilicate glass capillaries (BF150-86-10, Sutter) were pulled with
a micropipette puller (P-1000, Sutter) and the pipette resistance was
4 to 8 megohm. The extracellular solution for whole-cell patch
clamp contains 125 mM NaCl, 2.5 mM KCl, 15 mM Hepes, and
30 mM glucose (305 to 310 mosmol/kg; pH 7.3). The intracellular
solution contains 125 mM potassium gluconate, 8 mMNaCl, 1 mM
EGTA, 10 mM Hepes, 0.6 mM MgCl2, and 0.1 mM CaCl2 (295
mosmol/kg; pH 7.3). Whole-cell current was recorded with an Ax-
opatch 200B amplifier (Axon Instruments). Membrane voltage
signal recorded from the patch amplifier was filtered with an inter-
nal 5-kHz Bessel filter and digitized at 9681.48 Hz with a National
Instruments PCIe-6353 data acquisition board (approximately
twice the bandwidth of the Bessel filter).

All-optical electrophysiology
Cultured hippocampal neurons were transfected with plasmid en-
coding CheRiff and Cepheid1b/s-ST mediated by P2A self-cleaving
peptide. Transfected neurons were activated with repeated 2-ms (0.5
W/cm2) 405-nm light pulses, repeated 250- to 300-ms (0.1 to 0.3W/
cm2) 405-nm light steps, or gradually enhanced (from 0 to 0.2 W/
cm2 in 10 s) 405-nm light. Images were captured at a frame rate of
500 Hz under constant 561-nm illumination (1.6 W/cm2). For each
trial, 25 μM D,L-2-amino-5-phosphonovaleric acid (AMPA), 10 μM
2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f ]quinoxaline (NBQX), and

20 μM gabazine were added into extracellular solution to block syn-
aptic transmission.

Intracerebroventricular injection and acute slice
measurements
C57BL/6N mouse lines were purchased from Charles River. The
AAV vector expressing Cepheid1b-ST: AAV2/PHP.eb-hsyn-Ce-
pheid1b-ST was custom-produced by Chinese Institute for Brain
Research. For one 6- to 7-week-old mouse (without regard to
sex), 3 μl of AAV2/PHP.eb-hsyn-Cepheid1b-ST (4.8 × 1012
genome copies/ml) was injected into the lateral ventricle. The coor-
dinate for intracerebroventricular injection (in millimeters from
Bregma: anteroposterior and mediolateral) was −0.58 to −0.59
and 1.35 to 1.4 and dorsoventral of 1.8 to 1.9 mm.
Acute slices were prepared from 9- to 11-week-old mice (at least

3 weeks after AAV injection). Mouse was deeply anesthetized via
isoflurane inhalation and rapidly decapitated. The brain was dis-
sected from the skull and placed in ice-cold artificial cerebrospinal
fluid (ACSF) containing 26 mMNaHCO3, 1.25 mM NaH2PO4, 125
mMNaCl, 2.5 mMKCl, 2 mMCaCl2, 1 mMMgCl2, 2 mMKCl, and
20 mM glucose (295 mosmol/kg; pH 7.3 to 7.4) and saturated with
Carbogen (95% O2 and 5% CO2). The brain was sliced into 250-μm
sections with a Leica VT1200s vibratome. Slices were incubated for
45 min at 34.5°C in ACSF and maintained at room temperature
(22°C). ACSF was continuously bubbled with Carbogen for the
duration of the preparation and subsequent experiment.
For fluorescence imaging and electrophysiology recoding, slices

were placed on a custom-built chamber and held by a platinum harp
net stretched across. Carbogen-bubbled ACSF was perfused at a rate
of 4 ml/min with a longer peristaltic pump. Fluorescence images
were captured at a frame rate of 400 to 500 Hz, under 561-nm
illumination (2 W/cm2). The intracellular solution for whole-cell
patch clamp contains 105 mM potassium gluconate, 30 mM KCl,
4 mM Mg adenosine 50-triphosphate, 0.3 mM Na2 guanosine
50-triphosphate, 0.3 mM EGTA, 10 mMHepes, and 10 mM sodium
phosphocreatine (295 mosmol/kg; pH 7.3). Electrophysiology mea-
surements were acquired with a MultiClamp 700B amplifier (Mo-
lecular Devices).

Isolation of mouse pancreatic islets and infection of
Cepheid1b
Islets of Langerhans were isolated from GCaMP6f+/+ mice. After
isolation, the islets were cultured overnight in RPMI 1640
medium containing 10% fetal bovine serum, 8 mM D-glucose, pen-
icillin (100 U/ml), and streptomycin (100 mg/ml) for overnight
culture at 37°C in a 5% CO2-humidified air atmosphere. The
islets were infected with adenoviruses pAdeno-CMV-Cepheid1b
by 1.5-hour exposure in 100 μl of culture medium, with approxi-
mately 4 × 109 plaque forming units per islet, followed by addition
of regular medium and further culture for 16 to 20 hours before use.

Dissociation into islet single cells
Freshly isolated islets were washed with Hanks’ balanced salt solu-
tion and subsequently digested with 0.025% trypsin-EDTA for 3
min at 37°C, followed by brief shaking. Digestion was stopped
with addition of culture medium, and the solution was centrifuged
at 94g for 5 min. The cells were suspended by RPMI 1640 culture
medium. The cell suspension was plated on coverslips in the poly-L-
lysine–coated glass bottom dish (D35-14-1-N, Cellvis) or a
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microfluidic chip. The dishes or chips were then kept for 60 min in
the culture incubator at 37°C and 5% CO2 to allow cells to adhere.
Additional culture medium was then added, and the cells were cul-
tured for 24 hours before the imaging experiments.

Voltage imaging in mouse pancreatic islets and islet
single cells
For simultaneous imaging with Cepheid1b and GCaMP6f, mouse
pancreatic islets and mouse islet single cells were illuminated with
488- and 561-nm lasers at 0.2 to 0.5 W/cm2 and 0.9 to 1.8 W/cm2,
respectively, and continuously imaged for 60 to 300 s at a camera
frame rate of 200 Hz. The samples were kept at 37°C on the micro-
scope stage during imaging. For mouse islets, a polydimethylsilox-
ane microfluidic chip was used to provide a stable and controllable
environment for long-term imaging. The reagents were automati-
cally pumped into the microfluidic chip with a flow rate of 800 μl/
hour by the TS-1B syringe pump (LongerPump). Before imaging,
the chip and all the solution were degassed with a vacuum pump
for 5 min to achieve stable hour-long imaging. The microfluidic
chip was pre-filled with KRBB solution [125 mM NaCl, 5.9 mM
KCl, 2.56 mM CaCl2, 1.2 mM MgCl2, 1 mM L-glutamine, 25 mM
Hepes, and 0.1% bovine serum albumin (pH 7.4)] containing 3 mM
D-glucose before use.

Data analysis
Most fluorescence images and electrophysiology recordings were
analyzed with home-built software written in MATLAB (Math-
Works, version R2022a). The fluorescence images obtained in
acute slices were preprocessed with a Python-based voltage
imaging data analysis package (VolPy). Fluorescence intensities
were extracted from the mean values over a manually drawn
region of interest around the soma of each labeled cell. Statistical
analysis was performed with Origin (version 2019b) and R
(version 4.2.0).

Supplementary Materials
This PDF file includes:
Figs. S1 to S17
Tables S1 to S6
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